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WELL-CONDITIONED FRACTIONAL COLLOCATION METHODS USING
FRACTIONAL BIRKHOFF INTERPOLATION BASIS

YUJIAN JIAO!, LI-LIAN WANG2* AND CAN HUANGS3

ABSTRACT. The purpose of this paper is twofold. Firstly, we provide explicit and compact formu-
las for computing both Caputo and (modified) Riemann-Liouville (RL) fractional pseudospectral
differentiation matrices (F-PSDMs) of any order at general Jacobi-Gauss-Lobatto (JGL) points.
We show that in the Caputo case, it suffices to compute F-PSDM of order p € (0,1) to com-
pute that of any order k + p with integer £ > 0, while in the modified RL case, it is only
necessary to evaluate a fractional integral matrix of order p € (0,1). Secondly, we introduce
suitable fractional JGL Birkhoff interpolation problems leading to new interpolation polynomial
basis functions with remarkable properties: (i) the matrix generated from the new basis yields
the exact inverse of F-PSDM at “interior” JGL points; (ii) the matrix of the highest fractional
derivative in a collocation scheme under the new basis is diagonal; and (iii) the resulted linear
system is well-conditioned in the Caputo case, while in the modified RL case, the eigenvalues of
the coefficient matrix are highly concentrated. In both cases, the linear systems of the collocation
schemes using the new basis can solved by an iterative solver within a few iterations. Notably,
the inverse can be computed in a very stable manner, so this offers optimal preconditioners for
usual fractional collocation methods for fractional differential equations (FDEs). It is also note-
worthy that the choice of certain special JGL points with parameters related to the order of the
equations can ease the implementation. We highlight that the use of the Bateman’s fractional
integral formulas and fast transforms between Jacobi polynomials with different parameters, are
essential for our algorithm development.

1. INTRODUCTION

Fractional differential equations have been found more realistic in modelling a variety of physical
phenomena, engineering processes, biological systems and financial products, such as anomalous
diffusion and non-exponential relaxation patterns, viscoelastic materials and among others. Typ-
ically, such scenarios involve long-range temporal cumulative memory effects and/or long-range
spatial interactions that can be more accurately described by fractional-order models (see, e.g.,

[38, 36, 24, 12| T3] and the references therein).
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One challenge in numerical solutions of FDEs resides in that the underlying fractional integral
and derivative operators are global in nature. Indeed, it is not surprising to see the finite dif-
ference/finite element methods based on “local operations” leads to full and dense matrices (cf.
[35, [32] [40] [34] 15, 16, 42, 22] and the references therein), which are expensive to compute and
invert. It is therefore of importance to construct fast solvers by carefully analysing the structures of
the matrices (see, e.g., [44} [31]). This should be in marked contrast with the situations when they
are applied to differential equations of integer order derivatives. In this aspect, the spectral method
using global basis functions appears to be well-suited for non-local problems. However, only limited
efforts have been devoted to this very promising approach (see, e.g., [29] 30, 28] [49] 48| [9]), when
compared with a large volume of literature on finite difference and finite element methods.

Another more distinctive challenge in solving FDEs lies in that the intrinsic singular kernels
of the fractional integral and derivative operators induce singular solutions and/or data. Just to
mention a simple FDE involving RL fractional derivatives order u € (0,1): (_IfDﬁ u) (x) =1 for
z € (—1,1), such that u(—1) = 0, whose solution behaves like u(z) ~ (14 z)*. Accordingly, it only
has a limited regularity in a usual Sobolev space, so the naive polynomial approximation has a poor
convergence rate. Zayernouri and Karniadakis [49] proposed to approximate such singular solutions
by Jacobi poly-fractonomials (JPFs), which were derived from eigenfunctions of a fractional Sturm-
Liouville operator. Chen, Shen and Wang [9] modified the generalised Jacobi functions (GJFSs)
introduced earlier in Guo, Shen and Wang [19], and rigorously derived the approximation results in
weighted Sobolev spaces involving fractional derivatives. The JPF's turned out to be special cases
of GJFs, and the GJF Petrov-spectral-Galerkin methods could achieve truly spectral convergence
for some prototypical FDEs. We also refer to [45] for interesting attempts to characterise the
regularity of solutions to some special FDEs by Besov spaces. It is also noteworthy that the
analysis of spectral-Galerkin approximation in [29] [30] was under the function spaces and notion
n [16], and in [22], the finite-element method was analyzed for the case with smooth source term
but singular solution.

It is known that by pre-computing the pseudospectral differentiation matrices (PSDMs), the
collocation method enjoys a “plug-and-play” function with simply replacing derivatives by PSDMs,
so it has remarkable advantages in dealing with variable coefficients and nonlinear PDEs . However,
the practicers are usually plagued with the dense, ill-conditioned linear systems, when compared
with properly designed spectral-Galerkin approaches (see, e.g., [8,[39]). The “local” finite-element
preconditioners (see, e.g., [25]) and “global” integration preconditioners (see, e.g., |11} [18 20} 14}
46, [47]) were developed to overcome the ill-conditioning of the linear systems. When it comes
to FDEs, it is advantageous to use collocation methods, as the Galerkin approaches usually lead
to full dense matrices as well. Recently, the development of collocation methods for FDEs has
attracted much attention (see, e.g., |28, 50, 43|, 17]). It was numerically testified in [28] [50] that
for both Lagrange polynomial-based and JPF-based collocation methods, the condition number of
the Caputo F-PSDM of order u behaves like O(N?#) which is consistent with the integer-order
case. However, it seems very difficult to construct preconditioners from finite difference and finite
elements as they own involve full and dense matrices and suffer from ill-conditioning.

The main purpose of this paper is to construct integration preconditioners and new basis func-
tions for well-conditioned fractional collocation methods from some suitably defined fractional
Birkhoff polynomial interpolation problems. In [46], optimal integration preconditioners were de-
vised for PSDMs of integer order, which allows for stable implementation of collocation schemes
even for thousands of collocation points. Following the spirit of [46], we introduce suitable frac-
tional Birkhoff interpolation problems at general JGL points with respect to both Caputo and
(modified) Riemann-Liouville fractional derivatives (note: the RL fractional derivative is modified
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by removing the singular factor so that it is well defined at every collocation point). As we will see,
the extension is nontrivial and much more involved than the integer-order derivative case. Here,
we restrict our attention to the polynomial approximation, though the ideas and techniques can be
extended to JPF- and GJF-type basis functions. On the other hand, using a suitable mapping, we
can transform the FDE (e.g., the aforementioned example) and approximate the smooth solution
of the transformed equation, which is alternative to the direct use of JPF or GJF approximation
to achieve spectral accuracy for certain special FDEs.
We highlight the main contributions of this paper in order.

e From the fractional Birkhoff interpolation, we derive new interpolation basis polynomials
with remarkable properties:

(i) It provides a stable way to compute the exact inverse of Caputo and (modified)
Riemann-Liouville fractional PSDMs associated with “interior” JGL points. This
offers integral preconditioners for fractional collocation schemes using Lagrange inter-
polation basis polynomials.

(ii) Using the new basis, the matrix of the highest fractional derivative in a collocation
scheme is identity, and the F-PSDMs are not involved. More importantly, the resulted
linear systems can be solved by an iterative method converging within a few iterations
even for a very large number of collocation points.

e We propose a compact and systematic way to compute Caputo and (modified) Riemann-
Liouville F-PSDMs of any order at JGL points. In fact, we can show that the computation
of F-PSDM of order k + p with £ € N and p € (0,1) boils down to evaluating (i) F-
PSDM of order p in the Caputo case, and (ii) a modified fractional integral matrix of
order p in the Riemann-Liouville case. Using the Bateman’s fractional integral formulas
and the connection problem, i.e., the transform between Jacobi polynomials with different
parameters, we obtain the explicit formulas of these matrices.

The rest of the paper is organised as follows. The next section is for some preparations. In Sec-
tion [B we present algorithms for computing Caputo and (modified) Riemann-Louville F-PSDMs.
In Sections M5 we introduce fractional Birkhoff polynomial interpolation and compute new basis
functions. Then we are able to stably compute the inverse of F-PSDMs at “interior” JGL points
and construct well-conditioned collocation schemes. The final section is for numerical results and
concluding remarks.

2. PRELIMINARIES

In this section, we make necessary preparations for subsequent discussions. More precisely, we
first recall the definitions of fractional integrals and derivatives. We then collect some important
properties of Jacobi polynomials and the related Jacobi-Gauss-Lobatto interpolation. We also
highlight in this section the transform between Jacobi polynomials with different parameters,
which is related to the so-called connection problem.

2.1. Fractional integrals and derivatives. Let N and R be the sets of positive integers and
real numbers, respectively, and denote by

No:={0}UN, R*:={a€R:a>0}, RJ:={0}URT. (2.1)

The definitions of fractional integrals and fractional derivatives in the Caputo and Riemann-
Liouville sense can be found from many resources (see, e.g., [38, [12]): For p € RY, the left-sided
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and right-sided fractional integrals of order p are defined by

0 1 T u(y) Pop) () — 1 b u(y)
(ajmu)('r) - F(p) ‘/a (.I _ y)lfpdy’ (xIb )( ) - F(p) /m (y _ I)lfp d% (22)

for x € (a,b), respectively, where I'(-) is the Gamma function.

Denote the ordinary derivative by D¥ = d*/dz* (with k € N). In general, the fractional
integral and ordinary derivative operators are not commutable, leading to two types of fractional
derivatives: For u € (k—1,k) with k € N, the left-sided Caputo fractional derivative of order u is
defined by

T )
@%M@%wﬁ“aﬁmﬂ—rwiml<wwﬁiﬂw’ (2.3)

and the left-sided Riemann-Liouville fractional derivative of order p defined by
ko
(D2 0)@) = DM ) = s [ 2.4)
Note that if u = k € N, we have {DF = FEDF = DF.
Remark 2.1. Similarly, one can define the right-sided Caputo and Riemann-Liouville derivatives:
(§Dfu) (x) = (—1)*, IF 7" (DFu)(z),  (FDfu)(x) = (—=1)F DF (LI} u) (2). (2.5)
With a change of variables:
z=b+a—t, ulx)=vl@+b—=1x), =z,t€ (ab),
one finds
(L)1) = (I2u)(@), .t € (a,b), (2.6)

and likewise for the fractional derivatives. In view of this, we restrict our discussions to the left-
sided fractional integrals and derivatives. ([l

Recall that for p € (k—1,k) with k € N,

k—1 ;
(2 )0 = (P70 + ) (- ap 1)
(see, e.g., [38, [12]), which implies
(EDFu)(z) = (§DF u)(z), if uP(a)=0, j=0,--- k-1 (2.8)
Moreover, there holds (see, e.g., [12, Thm. 2.14]):
Bpr 1P u(z) = u(z) ae. in (a,b), pcRT. (2.9)
In addition, we have the explicit formulas (see, e.g., [12, P. 49]): for real n > —1 and p € R,
oAl (x—a)" = %(m —a)TtH, (2.10)
and for p € (k—1,k) with k € N,
0, if nef{0,1, - k-1,
D @-a) =4 pee) (2.11)

x—a)™* if n>k—-1, nekR.
FW—M+D( )

Similarly, for p € (k — 1,k) with k € N, and real n > —1, we have (cf. [38, P. 72])
I'(n+1)

Epr(z—a) = =———2—
( ) n—p+1)

(x —a)T™*. (2.12)
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Hereafter, we restrict our attention to the interval A := (—1,1), and simply denote
I" .= _1*, D" .= _¢Dr, Fpt = BDr  zcA. (2.13)

Apparently, the formulas and results can be extended to the general interval (a, b) straightforwardly.

2.2. Jacobi polynomials and Jacobi-Gauss-Lobatto interpolation. Throughout this paper,
the notation and normalization of Jacobi polynomials are in accordance with Szego [41].

For «, 5 € R, the Jacobi polynomials are defined by the hypergeometric function (cf. Szego [41}
(4.21.2)]):

Fn+a+1)

1—2z
_rer ) m (— , 1; 1;—), A, neN, 2.14
a1 1) 20 nn+a+8+1la+ 5 x € n e (2.14)

and Po(a'ﬂ)(ac) = 1. Note that Pff"ﬁ)(x) is always a polynomial in x for all a, B € R, but not always
of degree n. A reduction of the degree of pLs )(a:) occurs if and only if

m:=—(n+a+p)eEN and 1<m<n (2.15)
(cf. 41} P. 64] and [7]). Note that for «, 5 € R, there hold

'n+a+1)

nll«o

(2.16)

For a, 8 > —1, the classical Jacobi polynomials are orthogonal with respect to the Jacobi weight
function: w(®#)(z) = (1 —2)*(1 4 z)?, namely,

1
/ PP (@) P ()P () da = 700 S, (2.17)
-1

where 0.,/ is the Dirac Delta symbol, and

(,B) _ 2008 (n +a+ NI'(n+ B+ 1)
T GntatBfrnT(ntatBrl)

(2.18)

However, the orthogonality does not carry over to the general case with o or § < —1 (see, e.g.,
[27] and [26] Ch. 3]).

The following formulas derived from Bateman fractional integral formulas of Jacobi polynomials
[4] (also see [2, P. 313], [41l P. 96] and [9]) are dispensable for the algorithm development.

Theorem 2.1. Let p,s € RT, n € Ng and x € A. Then for o« € R and 8 > —1, we have

I'n+pB8+1)

T(n+B+p+1) (12 PR @), (219)

I7{(1 + )’ P{*P)( (@)} =1

and
F'n+pB+s+1)

RDi{(l + x),@-i-sPr(La—s,B-l-s) (CL‘)} _ F(n - ﬂ — 1)

(14 z)° P> (z). (2.20)

As direct consequences of Theorem [2.I] we have the following important special cases.

Corollary 2.1. Fora € R,pe RT,n € Ny and x € A,
n
F'n+p+1)
(2)} = n—l—p—l—l)

1P { P ()} = (1 + 2)? P9 (z); (2.21)

Bpe {(1 + z)? Pl Pletr0)(g), (2.22)
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In particular, for p € RT,n € Ny and x € A,

I?{P.(z)} = P(n+)+1)(1 + z)P PP (1) (2.23)

T 1
AP {14 2y Py (o)) = Tt et +nf’ 1)
Remark 2.2. Remarkably, the formulas (2:23)-(224) link up the Legendre polynomials with the
non-polynomials (1+x)”Pr(fp 2 (x). They are referred to as the generalised Jacobi functions [19} 9],

and as the Jacobi poly-fractonomials [49] when 0 < p < 1. O

P,(z). (2.24)

For o, 8 > —1, let {z; := 3:5\, ’Jﬂ),wj = wj(v ’Jﬂ)}] be the set of Jacobi-Gauss-Lobatto (JGL)

quadrature nodes and weights, where the nodes are zeros of (1 — )DPJ(VO‘ 8 )( ). Hereafter, we
assume that {z,} are arranged in ascending order so that xyp = —1 and zx = 1. Moreover, to

alleviate the burden of heavy notation, we sometimes drop the parameters «, 8 in the notation,
whenever it is clear from the context.
The JGL quadrature enjoys the exactness (see e.g., [39, Ch. 3)):

/ (;5 d.’L'—Z¢ CL'] Wi, V¢EP2N 1, (2.25)

7=0
where Py is the set of all polynomials of degree at most N. Let Zyu be the JGL Lagrange
polynomial interplant of u € C(A) defined by
N

(Znu)( Z ) € P, (2.26)
=0

where the interpolating basis polynomials {hj}j:O can be expressed by

N
() =Y tniPl*P(x), 0<j< N, where tp; = P (1), (2.27)

(a B)

with

[e3 1 [0}
Fled) — @B g<p< N -1 %(V,ﬁ):(2+a+ﬁ+ ) (@)

N T (2.28)
2.3. Transform between Jacobi polynomials with different parameters. Our efficient com-
putation of fractional differentiation matrices and their inverses, relies on the transform between
Jacobi expansions with different parameters. It is evident that for a, B,a,b > —1,

Pn *span{P(o‘B) O<n<N}*span{P OSZgN}.
Given the Jacobi expansion coefficients {un # } of u € Py, find the coefficients {al"’”} such that
N N
~(a « ~(a,b a,b
= >R (@) = i P (@), (2:29)
n=0 1=0

This defines a connection problem (cf. [3]) resolved by the transform:
(@b — (eB)(a:b) ﬁ(%ﬁ)j (2.30)

(a,b) a,b)

where @(“?) and 4 are column-(N 4 1) vectors of the coefficients, and (#)C(4?) is the connec-
tion matrix of the transform from {Pﬁa’ﬁ )} to {Pl(a’b)}. One finds from the orthogonality (217)
and (2.29) that the entries of (@A) (@b je. the connection coefficients, are given by

a1 [T .
(At = @M/QB“WMR%M@MM@@M$ (2.31)

Y
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Some remarks are in order.

e By the orthogonality (2I7)), we have (O‘*ﬁ)C’l(Z’b) = 0 for n < I, so the connection matrix is
an upper triangular matrix. Therefore, [230) yields

N
A =" e e 0 <1< N. (2.32)

n=l
e In fact, we have the explicit formula of the connection coefficient (cf. [2] P. 357])
Fn+a+1) T(l+a+db+1)
'n+a+pB+1) I'(l+a+1)
n—l

Z D"T(n+l+m+a+B+1)I(m+I+a+1)
m' n—l-m)T(l+m+a+1)I'(m+2l+a+b+2)

@AY — 2+ a+b+1)

(2.33)

m=0

This exact formula is less useful in computation, as even in the Chebyshev-to-Legendre
case, significant effort has to be made to analyze their behaviors and take care of the
cancellations, when N is large (cf. [IL [6]). One can actually compute the connection
coefficients by using the Jacobi-Gauss quadrature with (N + 1) nodes and with respect to
the weight function w(®?).

e In general, it requires O(N?) operations to carry out the matrix-vector product in (Z30). In
practice, several techniques have been proposed to speed up the transforms (see, e.g., [1}, 37,
5 21] and the monograph [23] and the references therein). In particular, through exploiting
the remarkable property that the columns of the connection matrix are eigenvectors of a
certain structured quasi-separable matrix, fast and stable algorithms can be developed
(cf. |23, 5] and the references therein). The interesting work [21] fully used the low-rank
property of the connection matrix, and proposed fast algorithms based on rank structured
matrix approximation.

3. FRACTIONAL PSEUDOSPECTRAL DIFFERENTIATION

In this section, we extend the pseudospectral differentiation (PSD) process of integer order
derivatives to the fractional context, and present efficient algorithms for computing the fractional
pseudospectral differentiation matrix (F-PSDM). We show that

(i) in the Caputo case, it suffices to evaluate Caputo F-PSDM of order p € (0, 1) to compute
F-PSDM of any order (see Theorem B.1);

(ii) in the Riemann-Liouville case, it is necessary to modify the fractional derivative operator
in order to absorb the singular fractional factor (see (B8))), and the computation of the
modified F-PSDM of any order boils down to computing a modified fractional integral
matrix of order p € (0,1) (see Theorem [33)).

3.1. Fractional pseudospectral differentiation process. It is known that the pseudospectral
differentiation process is the heart of a collocation/pseudospectral method for PDEs (see, e.g.,
[8, 139]). Typically, for any u € Py, the differentiation D¥u is carried out via (Z26) in an exact
manner, that is,

N
=> u(x;)D*hi(x), keN. (3.1)
7=0
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It is straightforward to extend this to the fractional pseudospectral differentiation. More precisely,
for any u € Py,

N
(D*u)(z) = Zu(:vj)D“hj(x), DH .= D" Dk e RT. (3.2)

3=0
However, in distinct contrast to (3.I]), we have D*u, D*h; & Py, if u ¢ N. To provide some insights
into this, we introduce the space:

FO ={(1+2)¢ : Ve Py}, veER, (3.3)
and show the following properties.

Lemma 3.1. For u € (k—1,k) with k € N, and for any u € Py, we have

pruc FEM, Bprye F M, (3.4)
and
D u—0, "D u—o00 as z— —1. (3.5)

Proof. 1t is clear that
D*u e Py_j =span{P, : 0<n< N —k}.
Thus, we derive from the definition (2.3) and [2.23)) with p = k — p that
Dty =T"""(DFu) = (14 z)" "¢, for some ¢ € Py_p. (3.6)

Similarly, in the Riemann-Liouville case, we deduce from Z3) that I*#u € FU™*) Then by the
definition (2.4]), we obtain from a direct calculation that

Bpk oy = DR(I*Hu) = (1 + ) "4, for some 9 € Py. (3.7)
Thus, B4 is verified, from which (B.5) follows immediately. O

Remark 3.1. This implication of Lemma [31]is that

(i) if a FDE has a smooth solution, the source term might have a singular behaviour;

(ii) conversely, for a FDE with smooth inputs, the solution might possess singularity.
To achieve spectrally accurate approximation for some prototype FDEs pertaining to the latter
case, the recent works [49, 9] proposed to approximate the singular solutions by using Jacobi
polyfractonomials and general Jacobi functions, i.e., the basis of F ](\l,' ). O

Observe from (B3 that the Riemann-Liouville fractional derivative of any polynomial tends
to infinity as g — —1. This brings about some inconvenience for the computation of the related
F-PSDM and implementation of the collocation scheme. This inspires us to multiply both sides
of B2) by the singular factor (1 + z)*, leading to the modified Riemann-Liouville fractional
pseudospectral differentiation:

N
(Rﬁﬁu) (x) = Zu(xj)(Rﬁﬁhj)(:C) where DM := (14 z)*TD*. (3.8)
j=0
With such a modification, we can recover the Riemann-Liouville fractional derivative values at
z; # —1 by
(FD*u) () = (1 + 2;)* ("D  u) (z;), 1<i<N. (3.9)
Correspondingly, we can define the modified factional integral and state some important properties
as follows.
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Lemma 3.2. Let u € Py and {h;} be the Lagrange interpolating basis polynomials at JGL points
as before, and define

" =(14z)~"1", D" .= (1+z)* D", VueR* (3.10)
Then we have

"u, D" u € Py, oPn =span{l*h; : 1<j< N}, (3.11)
where ¢ Py = {¢ € Pn : ¢(—1) =0}.

Proof. 1t is clear that by &.7), BD"u € Py, and by 2.23) and 310,

~ n!
"{P,(2)) = 713(*%#) RT. 3.12
H{Pu(x)} = NCEYES (), npe (3.12)

Note that for any real yu > 0, P{ " (x) is a polynomial of degree n (cf. [4I, P. 64]). Thus, we
have
Py =span{I*P, : 0<n < N} =span{I*h; : 0<j < N}, (3.13)

and ["u € Py.

We now show (I"h;)(—1) =0 for 1 < j < N. It is clear that {(1+2) p 1)} ' forms a basis
of ¢Pn, and by ZT9) with o = g and g =1,

(n+1)!

(n+p+2)
Since h; € ¢Pn, the identity (314) implies (Iﬁhj)(— )J=0for1<j<N. O

M"{(1+z)PrV(2)) = (14 2) PO ()., (3.14)

3.2. Caputo fractional pseudospectral differentiation matrices. As before, we use boldface
uppercase (resp. lowercase) letters to denote matrices (resp. vectors), and simply denote the entries
of a matrix A by A;;. Introduce the Caputo F-PSDM of order p :

In particular, for y = k € N, we denote D® =D and D = DW.

Remarkably, the higher order Caputo fractional PSDM at JGL points can be computed by using
the following recursive relation.

Theorem 3.1. Let p € (0,1). Then we have
ptw) — pW pk) — CpW pk ke N, (3.16)
where D* stands for the product of k copies of the first-order PSDM at JGL points.

Proof. For any u € Py, we have

N
= u(z)hi(x (3.17)
=0
Taking u = h in (B.I7), leads to
e Zh’ )b (x (3.18)

which, together with the definition ([2.3]), 1mphes
DI Fhy(x) = ILHR) (o Zh’ a) 2R () = Zh;(xl)CDﬁhl(I). (3.19)

Taking x = x; in the above, we obtain the matrix identity:

DU = DWD, e (0,1). (3.20)
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This leads to (B10) with & = 1. Taking u = h§k) (x) in BI7), we can derive the first identity in
(BI10) in the same fashion.
Using the property (see [39, Thm. 3.10]):

D® = D* keN, (3.21)
we obtain the second identity in (BI6]). O

It is seen from Theorem [B.I] that the computation of Caputo F-PSDM of any order at JGL points
boils down to computing the first-order usual PSDM D (whose explicit formula can be found in
g., [39)), and the Caputo F-PSDM D™ with p € (0,1). We present the formulas below.

Theorem 3.2. Let {xj = xgvf)}j:o with a, 8 > —1 and xg = —1 be the JGL points, and

let {o.)] = w](\? JB)}J be the corresponding quadrature weights. Then the entries of DWW with
€ (0,1) can be computed by

M-

) _ -
Dy = (1 + i) ”ZF(

g, PR () 3.22
— l+1_u) -1 ( ) ( )

for 0 <1i,5 < N, where

- (a gy PA0 (@)), (3.23)

N
1
sy=5 2, (ntat BH)TINCNY |ty by =
n=[l—1
{(a+1,3+1)Cl(9’3)n71} are the Jacobi-to-Legendre connection coefficients, and {%(10"5)} are defined
in (2Z28). In particular, for « = 3 =0, we can alternatively compute the coefficients {si;} by

1 ! 2
A {0 + (=10 —w; Py (25) ), w1 = 57— (3.24)
To avoid the distraction from the main results, we provide the derivation of the formulas in
Appendix [Al

Remark 3.2. We see that in the Legendre case, we can bypass the connection problem. It
is noteworthy that in [28], the Caputo F-PSDM of order p > 0 was computed largely by the
derivative formula of P, and some recurrence relation of I” P, built upon three-term recurrence
formula of Legendre polynomials. As shown above, the use of the compact, explicit formula ([2:23)
leads to much concise representation and stable computation. ([

3.3. Modified Riemann-Liouville fractional pseudospectral differentiation matrices. In-
troduce the matrices:

(w)

D(u) P e RINFDX(N4D) Ghere Rﬁij e

= (BDWh)(xy), 1) = (1"hy) (). (3.25)

We can show the following important property similar to Theorem [3.1]

Theorem 3.3. Let {h;} be the JGL interpolating basis polynomials. Then for p € (k —1,k) with
k € N, we have

, (3.26)

o (k
where the entries of D( ) are given by

(k)

DJ

=L+ 2D (1 +2)* #hy(@)}],_, . 0<ij<N. (3.27)
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Proof. By [BI1), we can write that for any u € Py,

N
(I u) () = > (15 ) (@) (), (3.28)
=0
Multiplying both sides by (1 + z)¥~#, and using ([3.I0), we find
N
(IE ) () = Y (1 ) (@) (1 + @) h (), (3.29)
=0

which implies

N
(D" ) () = DM(I =St DM{(1+2)* ()}, (3.30)

=0

for x € (-1, 1]. To remove the singularity at x = —1, we multiply both sides of B30) by (1 + z)*,
and reformulate the resulted identity by the modified operator in (3.8)), leading to

N
(BDYu) (z) = Z(iﬁ*#u)(xl){u + ) DM {(1+ x)’f—uhl(x)}}. (3.31)

1=0
Taking u = h; and x = z; in the above equation yields (3.26). O

~(k—
Observe from ([B.26) that it suffices to compute the modified fractional integral matrix I (k=)

with & — p € (0,1), since ﬁ(k) can be expressed in terms of the PSDM of integer order, e.g., for
k=1,

DY = (1 — Iy +AD, A =diag((1+m0), -, (1+an)), (3.32)

where Iy is an identity matrix.

Theorem 3.4. Let {ZCJ = :ENf)} with o, B > —1 and xg = —1 be the JGL points, and let

{wj = o.)N ]ﬁ )} be the corresponding quadrature weights. Then the entries of I @)

can be computed by

with v € (0,1)

N
A(,u) I! (—ha) o
_ 4P zi), 0<i,j<N, 3.33
lZFl+u+1) 51 () e 539
where
N

~ a 0,0 a,

& = Z( ,ﬂ)Cl(n )tnj, tnj = mp( A (), (3.34)

n=l

with { ) C(O 0)} being the Jacobi-to-Legendre connection coefficients, and 7(0‘ ) defined in (2.28)).
In particular, if o = =0, we have 5;; = t;;.

Proof. Tt is essential to use the explicit formulas in Corollary 2.1l Accordingly, we expand the
JGL Lagrange interpolating basis polynomials {h;} in terms of Legendre polynomials, and resort
to the connection problem to transform between the bases as before. Equating (Z.27)) and the new
expansion leads to

N

Zt PO () =3 "4;P(x), 0<j<N, (3.35)
=0
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which defines a connection problem. Thus by (232)),
N N
=y @000, =N @he 0 (3.36)
n=0 n=l

where we used the property: (a*ﬂ)Cl(gO) =0 if n < I. Then it follows from (BI2) immediately that
for u € (0,1),

A

N
(1) R 15, —u, .
B = (1 hy) () = 3 =P () 0 <i < N, (3.37)

This leads to the desired formulas.
In the Legendre case, it is clear that the expansions in ([B35) are identical, so we have §;; =
tij. O

We conclude this section by providing some numerical study of (discrete) eigenvalues of F-
PSDMs. Observe from ([B.0]) that the first row of D™ is entirely zero, so D™ is always singular.
We therefore remove the “boundary” row/column, and define

iy if e (0,1)

CDI(I/]‘) = (C ZZL))1<1,J<N where CDE;J«) _ (CDl_LhJ)(Zlfl), (338)
( Djj )1§i,j§N71’ if pe(1,2),

which is invertible and allows for incorporating boundary condition(s). Similarly, we define
g y y
=~ (1) .
~ (RDz) i ’ lf,u’e(ovl)a ~ ~

mpp) = o where D" = (RD* h,) (z:). (3.39)

("Ds; )19,]‘51\7—1’ if pe(1,2),

In Figure Bl we illustrate the smallest and largest eigenvalues (in modulus) of these matrices.
Observe that in both cases, the largest eigenvalue grows like O(N?#), while the smallest one remains
a constant in the Caputo case, and mildly decays with respect to N in the modified RL case.

[ [-o— Pyl a=p=0 - L .

00 e, s a=B=0

o | —8—n ) a=p=-05

—p— Myl 0=p=-0.5

___N3

5 I\ s 0=B=0
—#— Dy 660
—=—, | a=p=-05|]

—— Pyl 0=B=-05
- - N3

10 10 10 10 10° 10°

FIGURE 3.1. Maximum and minimum (in modulus) eigenvalues of F-PSDM with
w = 1.5. Left: Caputo. Right: modified Riemann-Liouville.
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4. CAPUTO FRACTIONAL BIRKHOFF INTERPOLATION AND INVERSE F-PSDM

As already mentioned, the condition number of the collocation system of a FDE of order u
grows like O(N?H), so its solution suffers from severe round-off errors, and it also becomes rather
prohibitive to solve the linear system by an iterative method. Following the spirit of [10][46], we in-
troduce the Caputo fractional Birkhoff interpolation that generates a new interpolating polynomial
basis with remarkable properties:

(i) It provides a stable way to invert the Caputo F-PSDM in (3.3])), leading to optimal frac-
tional integration preconditioners for the ill-conditioned collocation schemes.
(ii) It offers a basis for constructing well-conditioned collocation schemes.

4.1. Caputo fractional Birkhoff interpolation. Let {xj = xg\?"f)}j.vzo (with zp = —1 and
zny = 1) be the JGL points as before. Consider the following two interpolating problems:
(i) For p € (0,1), the Caputo fractional Birkhoff interpolation is to find p € Pn such that
DY p(x;) = D u(w;), 1<j<N; p(-1)=u(-1), (4.1)
for any u € C[—1,1] satisfying “D"u € C(—1,1].
(ii) For u € (1,2), the Caputo fractional Birkhoff interpolation is to find p € Pn such that
D p(;) = Dlu(z;), 1<j<N—1; p(£1)=u(+1), (4.2)
for any u € C[—1,1] satisfying ‘D" u € C(—1,1).
Remark 4.1. The usual Birkhoff interpolation is comprehensively studied in e.g., the monograph
[33]. Typically, a polynomial Birkhoff interpolation requires at least one point at which the function
and the derivative values are not interpolated consecutively. For example, consider a three-point
interpolation problem: find p € Ps such that

p(—1) =u(-1), p'(0)=2'(0), p(1)=u(1).
It defines a Birkhoff interpolation problem, since the function value at = 0 is not interpolated,
as opposite to the Hermite interpolation. Due to the involvement of Caputo fractional derivatives,
we call (@I and ([@2) the Caputo fractional Birkhoff interpolation problems. O

As with the Lagrange interpolation, we search for a nodal basis to represent the interpolating
polynomial p. More precisely, we look for Qf € Py such that

(i) for p € (0,1),
D QN (wi) =65, 1<i<N; @Q¥(-1)=0, 1<j<N, (4.3)
with Q) = 1;
(ii) for u € (1,2),
DrQM(zi) =0, 1<i<N-1; Q(£1)=0, 1<j<N-1, (4.4)
with Qf (z) = (1 —z)/2 and Qi (z) = (1 + z)/2.

Then, we can express the Caputo fractional Birkhoff interpolating polynomial p of ([@I]) and (£2),
respectively, as

N
p(z) =u(-1)+ ZCD&U(%) Qi (x), ne(0,1), (4.5)
and "
l1—z . u u 1+
p(z) = 5 u(—1) + Z Dl u(z;) QY () + 5 u(l), pe(1,2). (4.6)

Jj=1
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Therefore, {Q;L} are dubbed as the Caputo fractional Birkhoff interpolating basis polynomials of
order p.
Introduce the matrices

(1) .

(Ql; )1S17j§N’ if pe (0, 1),
(1) .

(ngﬁ )1gl,j§1v71’ if pe(l,2),

Remarkably, the matrix Q) is the inverse of CDi(ﬁf ) defined in B33).

QW — where Q(“) = QY (x1). (4.7)

Theorem 4.1. For y € (k — 1,k) with k = 1,2, we have
QW DY =DY QW =Ty, (4.8)
where I ny1_y is the identity matriz of order N +1 — k.

Proof. We just prove ([d8]) with p € (0,1), as the case u € (1,2) can be shown in a similar fashion.
Since QY € Py and Q(~1) =0 for 1 < j < N, we can write

ZQ (1) hu(z ZQ“azlhl , 1<j<N,

where {h;} are the Lagrange interpolating basis polynomials associated with JGL points. Thus,

CDM Qu ZQM xl CDM hl( )

=1
Taking © = x; for 1 < i < N in the above equation, we obtain (L8] with p € (0,1) from (@3]
straightforwardly. O

4.2. Computing the new basis {Qf +. The following property plays a crucial role in computing
the new basis {Q}'}, which follows from Lemma .11

Lemma 4.1. Let {xj}j-vzo be the JGL points with o = —1 and xy = 1. Then for p € (k —1,k)
with k = 1,2, we have

DFQ!(x) = "k {(

1—|—x>k*#

h; } 1<j<N+1-Fk, 4.9
where {h; }N+1 k¥ are the Lagrange-Gauss interpolating basis polynomials associated with the JGL

points {x; };V:‘H * that is,

hj € Pn—k, hJ(ZZ?l) = 5ij for 1< 1,] < N+1-—k. (410)

Proof. Since QY € Py, we obtain from Lemma BTl that “D* Q' € F](\;C__,f). Noting that {h; };y:ﬁlfk
forms a basis of Pn_g, so by (B3],
N+1—k
D)= Y @ A+a)f (), 1<j<N+1-k
=1
Letting © = x; and using the interpolating conditions, we find that ¢;; = (1 + 2;)*~*8;;. Thus, we
obtain

4+ a b
“’) "hiz), 1<j<N+1-k (4.11)

CD# Q#( ) (1+$

By the definition ([Z3), we have D" = I*"DF so using ([ZJ), we obtain (ZJ) from EII)
immediately.
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With the aid of (@3], we are able to derive the explicit formulas for computing the new basis.
We provide the derivation in Appendix [Bl

Theorem 4.2. Let {x] = :ES?f),w] = wj(\?i;ﬁ)};vzo with (a, 8 > —1 and xg = —xn = —1) be the
JGL quadrature nodes and weights. Then {Qf } can be computed by
(i) For e (0,1),

N-1
INOE u +2) )
&G = G50 1#2 &]/ Pz 1<j<N, (4.12)
i) =
where
N-1
“ o —1,1—
&= oy gy, (4.13)
n=lI
§nj = —= { - N PLA) (—1)wg +P7§a76)(xj)wj}, (4.14)
L BT P ay)

withc; =1for1<j<N-—-1,andey =a+1.
(ii) For p € (1,2),

1 ~T(l—p+3) ¢ .
K = i} 1<j<N-1 4.15
Q_] (.I) (1 +.’L’j)2_“ e I &J l( )7 >]> ’ ( )
where
y N-2
T 1o
n=lI
1 ((z; —1)P™P(~1
Snj = (aﬁ){( ; ) J\éa,ﬁ)( )Prgaﬁ)(_l)wo
Tn 2(8+1)Py ()
1+2;)PyP (1
ot (@ )( ) Prga’ﬁ)(l)wfv+P£Q’5)(Ij)wa‘}, (4.17)
2(a+ 1)PN (z5)
and

1 x
() := 1J2r$/_1(t—1)Pl(t) dt+/ (x — )P () dt. (4.18)

-1

Here, {(O‘*ﬁ)Cl(Z_k’k_”)} are the connection coefficients as defined in (231)).

Remark 4.2. Observe from [@I3)) and [@I6) that if we take (o, 8) = (p—k, k — p) with k = 1,2,
we have &; = &;, so (LI12) and ([@IH) have the simplest form. Thus, it is preferable to choose
these special parameters. (I

5. MODIFED RL FRACTIONAL BIRKHOFF INTERPOLATION AND INVERSE F-PSDM

We introduce in this section the fractional Birkhoff interpolation involving modified Riemann-
Liouville (RL) fractional derivatives which offers new polynomial bases for well-conditioned col-
location methods for solving FDEs with Riemann-Liouville fractional derivatives. Moreover, we

are able to stably compute the inverse matrix of Rf)i(f ) defined in (339). However, this process

appears more involved than the Caputo case in particular for p € (1,2).
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5.1. Modified Riemann-Liouville fractional Birkhoff interpolation. Like the Caputo case,
we consider the modified Riemann-Liouville fractional Birkhoff interpolating problems (i)-(ii) as
defined in (@I)-(@2) with D" in place of D" . Similarly, we look for the interpolating basis
polynomials {@5 }o € Pn such that

(i) for p € (0,1),

BDM QM) =0, 1<i<N; QU(-1)=1, -
FDM QM (xi) =6, 1<i<N, QM(-1)=0, 1<j<N;
(i) for p € (1,2),
"DE Q@) =0, 1<i<N-1; Q4(-1)=1, Q4(1)=0,
BDE Q(x;) =6y, 1<i<N—1, Q¥(£1)=0, 1<j<N-1, (5.2)
RDr QR (z) =0, 1<i<N—-1; Qh(-1)=0, Q%(1)=1.
Then for any v € Py, we can write
-~ N ~ -~
u(z) = u(=1)Qg () + Y _ "D u(x;) QY (x)  (for u € (0,1))
j=1
R N1 R ) (5.3)
—u(- )@ + 3 D uey) 0¥ (@) + u(1)Ql(a)  (or e (1,2).
j=1
Introduce the matrices generated from the new basis:
~ (1) .
~ Q j . ) lf ,U € (05 1)7 ~ ~
@ _ 3% gty where Qi) = Qf(w). (54)

= (1) )
(Qlj )1Sl7_j§N_17 if pe(1,2),

Like Theorem [£1] we can claim that @(M) is the inverse of R]/ji(g ). As the proof of the theorem
below is very similar to that of Theorem Il we omit it.

Theorem 5.1. For u € (k—1,k) with k = 1,2, we have

~

Q(M)Rﬁ(u) _ Rﬁi(g) @(u) — Iniis, (5.5)

in
where I N1y is the identity matriz of order N +1 — k.

5.2. Computing the new basis {@5‘ };V:O. The following lemma is very useful for the computa-
tion, whose proof is provided in Appendix

Lemma 5.1. Let p € (k—1,k) with k =1,2. Then for any f € oPun, the fractional equation

BDMu(z) = f(z), u(-1)=0, (5.6)
has a unique solution u € ¢Pn of the form
u(z) =T"{(1 +2) " f(z)}. (5.7)
In particular, for any u € Py, we have
BDMu(=1) =0 if and only if u(—1) = 0. (5.8)

For clarity of presentation, we deal with two cases: (i) p € (0,1) and (ii) p € (1,2), separately.
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5.2.1. {@5}?[:0 with u € (0,1). Using the properties (B:I1)) and (58], we obtain from the interpo-
lating conditions in (5IJ) that
("D QY)(w) = hj(w), 1<j<N; ("D Qf)(x)=&ho(x), (5.9)

where {h;} are the JGL interpolating basis polynomials defined in (Z27)), and ¢ is a constant to
be determined by QF(—1) = 1. Note that thanks to (5.8}, the condition @7(—1) = 0 is built-in, as
hj(—=1) =0for 1 < j < N. We summarise below the explicit representation of the new basis. Once
again, we put the proof in Appendix

Theorem 5.2. Let {xj = a:g\c;f),wj = wj(\‘;if)}j.vzo (with o, 8 > —1 and xyg = —1) be the JGL
quadrature points and weights. Then {Qf }j.v:O with u € (0,1) can be computed by
N N
~ rf—p+1) ., . - o _
Q5<x>:<jz%tm<x> with #; =y @AC M, (5.10)
1=0 ) n=l

where o =1/T'(1—p), ¢ =1 for 1 <j <N, {(O"ﬂ)Cl(f;ﬁ“)} are the connection coefficients defined
wn Subsection 23], and

lnj = ~(a”g)P7(za75)(xj)v (5'11)

with :yr(La’B) being defined in ([2.28).

Remark 5.1. If (o,) = (u,—p) with g € (0,1), we have #;; = t;;, so Q\? has the simplest
form. O

5.2.2. {@5}?[:0 with p € (1,2). It is essential to derive the identities like (E9]). Indeed, using
BII) and (58], we obtain from the interpolating conditions in (B.2]) that

(BD™ Q8 (x) = (10 + Ko @)ho(z), Qi(~1)=1, QU(1)=0; (5.12)
RHI O _TtT Au iy , .
(D2 Q@) = == hy(e). Q) =0, 1<j<N-1; (5.13)
("D Q) (@) = (1 + @) ho(z), QK (1) =1, (5.14)
where {ﬁj };V:_Ol are the Lagrange interpolating basis polynomials at JGL points {x; }jy:_ol, that is,
hj(x) € Pnov, hy(zi) =68, 0<i,j<N-L (5.15)

In (5.12)-EI4), {75};L, and ko are constants to be determined by the corresponding conditions
at * = £1, e.g., Q}(1) = 0 in (BI3). It is noteworthy that thanks to (5.8), the interpolating
condition: Q¥ (~1) = 0 is built in (D" @¥)(~1) =0 for 1 < j < N.

In what follows, we shall use the three-term recurrence relation of Jacobi polynomials (cf. [39]
(3.110))):

e P (1) = ap PYST (@) + 0 PR (1) + a PYTM (@), 120, (5.16)
where ¢c_1 =0, p € (1,2), and
[+2 1—2u I+ml—p+1)
_ T T = . 5.17
Ty T @rn@i+3) YT A+ (5:17)

As before, it is necessary to expand { BJ} in terms of Jacobi polynomials with different parameters
by using the notion of connection problems, so as to use compact and closed-form formulas to
compute the new basis. We state below the connections of three expansions, and postpone the
derivations in Appendix [El
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Lemma 5.2. Let {ZCJ = xg\?f S Wi = W@ ﬁ)} (with a, 8 > —1 and xg = —zn = —1) be the JGL
quadrature nodes and weights, cmd let {hj} =0 L be the Lagrange interpolating basis polynomials

associated with {:cj}j.\’:}f defined in (BIH). Then for p € (1,2), we have

N—-1
ZQ p(aﬁ) Z a1 P(MJ D) (z)
=0
s (5.18)
=d0;+ Y by (L+2) P (), 0<j<N -1,
=0

where doo =1 and go; =0 for 1 < j < N — 1. Moreover, the coefficients can be computed by

B+1 PP e
00 = { PP (=1)wo — P (1w}, (5.19)
(a B) a+1 P](Vo"ﬁ)(—l)
o= {pmﬁ)(x_)w._ 1 wp<aﬁ>(1)w} 1<j<N-1 (5.20)
R R e o
1
= 3 @OCET o 0< < N -1, (5.21)

and by the backward recurrence relation:

N 1 b +1 G .
Oij = —0ij — . Qi+1,j__19i+2,j; t=N-=-3N=2--,1,
@i i @i (5.22)
. 1 . 1 . by_oa+1 . )
ON-1,j = —ON-1,5, ON-2,j= —0ON-245— ———0O0N-1,55
AN -1 aN—2 aN—2

where {a;,b;,¢c;} are given in (BI7).

W1th the above preparations, we are ready to derive the explicit formulas of the new basis
{Q“} with p € (1,2). We refer to Appedix [ for the derivation.

Theorem 5.3. Let {@j, @lj} be the coefficients defined in LemmaB.2, and denote

ri+2-up)

dt =
! 1+ 7

oi(x) = (14 )PV (). (5.23)

Then {@7}2\;0 at JGL points with p € (1,2) can be computed by

(i) forj=0,
R 1 N-1 R
Qo(x) =1+ (10— =—— d o0 pi(x) + =——— d 0141,0 i
0() (O F(l—ﬂ)); 1 €0 () F(l—u) s +1,0 ()
(5.24)
1 {1 1 J"Z*Qd# Nfld#
where 79— —— = {4~ 0 }/ b
P T(-p) 2 T(1—p) & 1) TR
(ii) for j = N,
N 1 N—-1 N—-1
Qy(x) = B dy' 010 901(50)/ dy 010 ; (5.25)
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ii) for1 <j < N —1,
J

N—-2

Aty g A 1
(z) = d ii(z) +
QY (x) T [0, () P
N 71 ) . (5.26)
. +2-p +
! i — b — 11—
X ; lQl+1,;{ 72 arr1oi01(x) + by (z) + T —MCl 191 1(:1:)},
where {ay, by, ¢} (with c_1 = 0) are defined in (GIT), and
N—2
7= 14 uT(2 oy / > o (5.27)
1=0

Remark 5.2. We see from (G.2I) that if («,8) = (u,1 — p) with p € (1,2), the connections
coeflicients are not involved, so Qf has simpler form. O

6. WELL-CONDITIONED COLLOCATION SCHEMES AND NUMERICAL RESULTS

In this section, we apply the tools developed in previous sections to construct well-conditioned
collocation schemes for initial-valued or boundary-valued FDEs, and provide ample numerical
results to show the accuracy and stability of the methods.

6.1. Initial-valued Caputo FDEs. To fix the idea, we first consider the Caputo FDE of order
we (0,1):

D uz) + Nayu(e) = f(@), @€ (-1,1); u(-1)=u_, (6.1)
where )\, f are given continuous functions, and u_ is a given constant. The collocation scheme is
to find uy € Py such that

Dlun(x)) + Naj)un(;) = f(z;), 1<j<N; un(=1)=u_. (6.2)
The corresponding linear system under the Lagrange basis polynomials {h;} (L-COL) becomes
(DY +A)u=f, (6.3)

where CDi(ﬁf) is defined as in 38), A = diag(A\(z1), -+, A(zn)), and
U= (“N(xl)a"' aUN(xN))ta J= (f(gcl) —U—CDﬁhO(UCl)a"'  flzn) —U—CD’iho(fﬂN))t-
The collocation system under the Birkhoff interpolation basis polynomials {Qz‘ }in (E3) (B-

COL) becomes

(6.4)

(In +AQW)v =g, (6.5)
where
N
uN(:v)zu_—l—Zva?(x), v= (v, ,’UN)t, (6.6)
i=1

and g = (f(z1) —u_A(z1), -, flan) — u,)\(xN))t. It is noteworthy that different from (@.3]),
the unknowns of (G5 are not the approximation of u at the collocation points, but of the Caputo
fractional derivative values in view of (.35l

Thanks to Theorem 1] we can precondition (63]) and obtain the PL-COL system:

(In+QWA)u=QWFf. (6.7)
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In the computation, we take A\(z) = 2 + sin(25x) and u(z) = E, 1(—2(1 + z)*) with 4 = 0.8 in
©1), where the Mittag-Leffler function is defined by

Eap(z) = ; F(#:B) (6.8)

In view of Remark 2] we choose the JGL points with (o, 8) = (u—1,1 — ) = (—0.2,0.2). We
compare the condition numbers, number of iterations (using BICGSTAB in Matlab) and conver-
gence behaviour (in discrete L?-norm on fine equally-spaced grids) of three schemes (see Figure
[61). Observe from Figure (left) that the condition number of usual L-COL divided by N2#
behaves like a constant, while that of PL-COL and B-COL remains a constant even for N up to
2000. As a result, the latter two schemes only require about 8 iterations to converge, while the
usual L-COL scheme requires much more iterations with a degradation of accuracy as depicted in
Figure (middle). We record the convergence history of three methods in Figure (right), and
observe that two new schemes are stable even for very large V.

10 10"

—&—-CoL —8—L-coL

oF -g- B-COL =&~ B-coL

' PL-coL 107 ‘ofg PL-COL

*&'& i il G oD ety ol e

1L Cond.# IN*®

T o =

= = I n 7 L
(] 500 1000 1500 2000 10° 10t 107
N

FIGURE 6.1. Comparison of condition numbers (left), iteration numbers against
errors (middle), and errors against N at convergence in log-log scale (right) for

6.2. Boundary-valued Caputo FDEs. We now turn to the boundary value problem:

Dl u(z) + A1 () DY u(x) + o (2)u(z) = f(z), x€ (—1,1);
u(=1)=u_, ul)=uy, O0<v<pu, pe(l,2),

(6.9)

where A1, A2 and f are given continuous functions, and w4+ are given constants.

With a pre-computation of the Caputo fractional differentiation matrices of order pu and v in
Subsection B.2] we can formulate the L-COL scheme as (6.3) straightforwardly. The counterpart
of ([E3) i.e., the B-COL scheme, can be formulated as follows: find (cf. (&8]))

. = M . 11—z 1+x
un@) = uf (@) + 30y QU), we (12 uh(@) = o Tu + T (610)
j=1

2 2

such that
(In1+AQY + A,Q")v =g, (6.11)
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FIGURE 6.2. Comparison of condition numbers (left), iteration numbers against
errors (middle), and errors against N at convergence in log-log scale (right) for

where A; = diag(\i(z1), -+ Nlav—1)i = 1.2, Q) = DYQ(@),1 < ij < N -1, and
g= (f(a:l) —qs(x1)y, fleN—1) —q*(xN,l))t with ¢, = AchZu*N—F)\Q uy - Note that the entries
of Q(V) can be evaluated by Theorem 2.1} (Z7) and (£I5)-(@I8). Here, we omit the details.
Remark 6.1. If A\; = 0 and \g is a constant, we can follow [46] Proposition 3.5] to justify the
coefficient matrix of (6.I1]) is well-conditioned. Indeed, thanks to Theorem [4.1] the eigenvalues o
of In_q1— )\QQ(“) satisfy

1+ Aadmie €0 < 1+ XAk,
where A\pmax and Anin are respectively the largest and smallest eigenvalues of CDi(ﬁf ). Since Apin =
O(1) (see Figure 31 (right)), the condition number of Iny_; — AQ is independent of N. O

Like (@), we can precondition the L-COL scheme by Q") which leads to the PL-COL system.
In the following comparison, we set u = 1.9, = 0.7 and (a, 8) = (—0.1,0.1) (cf. Remark F.2]),
and take

A1(x) =2+ sin(drx),  Aa(z) =2+ cosz, (6.12)
and
u(z) = e+ (14 2)57 = 2(1 4 2) /7, (6.13)
where we can use the formula
Dt =1+ 2) "B gy (14 2), pek-1k), k=12,

to work out f(z).

Once again, we observe from Figure that the new schemes: B-COL and PL-COL are well-
conditioned, attain the expected convergence order about 10 iterations, and lead to stable compu-
tation for large V.

6.3. Riemann-Liouville FDEs. Counsider the Riemann-Liouville version of ([@.9):
EDM u(z) + M\ (2) DY u(x) + Ao (2)u(x) = f(z), =€ (~1,1); (6.14)
WD) =u, u(l)=us, O<v<p pe(l,2) |

where A1, A2 and f are given continuous functions, and w4+ are given constants.
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For a better treatment of the singularity, we consider the modified Riemann-Liouville fractional
collocation scheme: find uy € Py such that

BDR un () + M () D" un (a7) + Aa(zj)un (z;) = flz;), 1<j<N;

(6.15)
un(—=1)=u—, un(l)=uy, 0<v<p, pe(l,?2),
where A; = (14 2)* " A1, Ay = (1 + 2)"Xg, and f = (1 + )" f.
Here, we just focus on the collocation system using the new basis in (53)), that is,
N-1
un(z) = u_Qf (@) +uyQly(x) + Y v Qf(x), pe(1,2). (6.16)
j=1

Then one can write down the B-COL system in a fashion very similar to (6I1]) with only a change of
basis. Correspondingly, we denote the matrix of the linear system by A := In_1+A; é(V)+A2@(M) .
We first show that the B-COL scheme enjoys spectral accuracy (i.e., exponential convergence),
when the underlying solution is sufficiently smooth. For this purpose, we take
. (4a L1-= ol+x
u(z) = e~ (1) — 5 ¢ 5
and Aj, A2 to be the same as in ([6.12). In Figure B3] we plot discrete L2-errors for various pairs
of (u,v) of the B-COL schemes for both Caputo and Riemann-Liouville fractional boundary value
problems (BVPs) (6:9) and (614) under the same setting. We observe the exponential decay (i.e.,
O(e=°N) for some ¢ > 0) of the errors. Both schemes take about 10 iterations to converge, while
much more iterations are needed and severe round-off errors are induced if one uses the standard
L-COL approach.

(6.17)

10°

== =1.9,v=0.7 =-©-p=1.9,v=0.7
- El- p=1.7,v=0.4 =E=p=1.7,v=0.4
) p=15,v=06 & p=1.5,v=0.6
e Y=1.3,v=0.7 ) == =13, v=0.7
<
10° b 10°
100} 107
~ D
o
S
258
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i
10’15 L L L L L L L L L 10715
4 5 6 7 8 9 10 11 12 13 14 4 6 8 10 12 14
N N

FIGURE 6.3. Errors against N of the B-COL schemes for Caputo fractional BVP
©39) (left) and Riemann-Liouville fractional BVP (G.14)) (right) with various pu, v,
where A1, A2 are given in (612), and the exact solution u is given in (GI7).
We further test the new B-COL method on (6.14]) with smooth coefficients but large derivative:
A(z) =1+ 6—10009527 Xo(z) =1+ 671000(:¢+0.2)2, (6.18)
and with the exact solution having finite regularity in the usual Sobolev space:
1- Eﬂ,l(—Z“_l)
2

u(z) = Eua(— (1 +2)"/2) + (1+2)—1. (6.19)
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We tabulate in Table 6.1 the discrete L2-errors, number of iterations and the second smallest and

largest eigenvalues (in modulus). Once again, the scheme converges within a few iterations even

for very large N. In fact, as we observed from Figure 3] (right), the smallest eigenvalue of Rﬁi(:f )

in B39) still mildly depends on N. As a result, the condition number of A grows mildly with
respect to N. However, it is interesting to find that the eigenvalues in modulus of A (denoted by
{lo; |}§-sz1 which are arranged in ascending order) are concentrated in the sense that

0(1) = |02| S |Uj| S |0'N_2| = O(l), 2 S ] S N— 2. (620)

Thanks to this remarkable property, the iterative solver for the modified Riemann-Liouville system
is actually as fast as the previous Caputo system where the coefficient matrix is well-conditioned.

TABLE 6.1. Errors, number of iterations and concentration of eigenvalues of A

N p=15 v=056 uw=19 v=07
|o2| | lon—2| | Tters | Errors | |oa| | [on—2| | Iters | Errors

8 0.7 1.0 7 |8.58e-03 | 0.4 1.0 6 | 2.66e-03
16 | 0.6 1.1 12 | 2.03e-03 | 0.2 1.7 8 3.69e-04
32 | 0.6 1.2 12 | 5.39e-04 | 0.2 3.0 8 5.49e-05
64 | 0.6 1.3 12 | 1.31e-04 | 0.1 5.0 8 7.46e-06
128 | 0.6 1.5 12 | 3.24e-05 | 0.1 7.4 8 1.06e-06
256 | 0.6 1.6 12 | 8.08e-06 | 0.1 9.9 8 1.53e-07
512 | 0.6 1.7 13 | 2.02e-06 | 0.1 12.7 8 2.21e-08
1024 | 0.6 1.7 13 | 5.04e-07 | 0.1 21.1 8 3.69e-09

6.4. Concluding remarks. In this paper, we provided an explicit and compact means for comput-
ing Caputo and modified Riemann-Liouville F-PSDMs of any order, and introduced new fractional
collocation schemes using fractional Birkhoff interpolation basis functions. We showed that the
new approaches significantly outperformed the standard collocation approximation using Lagrange
interpolation basis.

As a final remark, we point out two topics worthy of future investigation along this line, which we
wish to explore in forthcoming papers. The first is to analyze the fractional Birkhoff interpolation
errors and understand the approximability of the new interpolation basis functions from theoretical
perspective. The second is to extend the idea and techniques in this paper to study the fractional
collocation methods using the nodal basis {(1+x)"h;(xz)/(1+z;)"} (see [50], i.e., the counterpart
of Jacobi poly-fractonomials [49] and generalised Jacobi functions [46]).

APPENDIX A. PROOF OF THEOREM

We expand {h’} in terms of Legendre polynomials, and look for {s;;} such that

N N
1 a .
Bi(@) =5 (n+atB+ Dt PT @) =Y syPia(@), 0<j<N, (AL
n=1 =1
where {t,;} are given in (2.27)) and we used the derivative formula (cf. [41]):
1 a
DPA(@) = S(n+a+ 6+ DPETEA () > 1 (A.2)
By ([229)-[232), we find that
5S (0.0) L g (0.0)
atl, 0,0 _ atl, 0,0
s =5 > (nta+B+1) IRt = 3 > (ntatp+1) TG, (A3)

n=1 n=[l—1
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for 1 <1< N and 0 <j < N. In view of (A, we can use the first formula in ([223) to derive

N
CDgy): (CD#h ) (@ i) =1 #h/(%)—zslﬂyuplfl(ﬂfi)
=1
N (1—1) ( : (A.4)
— p—=1,1—p
1+x7’ Z l_|_1 SlJP ( )

This ends the derivation of (m-(m
We now derive (8.24) for the LGL case. Using the orthogonality of Legendre polynomials,
integration by parts and the exactness of LGL quadrature (cf. (M)) we obtain from (AJ) that

1 1
== [ @ra@a = @ Zh ()Pl oo
V-1 V-1 (A.5)
= %—_{531\7 +(=1)'0j0 — wi P (2;)},
where we used the properties: h;(z;) = 6;; and P_1(£1) = (£1)!!
APPENDIX B. PROOF OF THEOREM
Since h; € Py_k, we can write
N—k N—
hi(z) = > &P (@ Z PHTRE () 1< i< N+1-k (B.1)
n=0 =0
As before, if one can work out {&,;}, then by (2:29)-([232),
Nk -
=y o (B.2)

n=lI
As to be shown later, inserting (B.)) into (£3), we can derive from ([224) with p = k — u the
desired formulas. Thus, it remains to find {&,;} in (B]). We proceed separately for two cases.

(i) For p € (0,1), we obtain from the orthogonality (2.I7), the exactness of JGL quadrature
(229), and the interpolating condition (£I0) that

€nj = W/ hy (@) P ()P () d = NCY) Zhj(ivi)Pfg P (3 )w;
Tn -1 Tno " i=0 (B.3)

1 [e3 o N
= oy (i (CDPP (—Dwo + PP (zj)w;}, 1< <N.

Now, we evaluate 7i;(—1). Since {h;} are associated with the interpolating points {x;}}_,, which
are zeros of (1 — x)DP](VO‘ 5)(;10), we have the representation:
1—a2)DP"”
hy(x) = (1=-2)DPy" (z) , 1<j<N. (B.4)
(a76)
(x — ajj)D{(l —x)DPy (x)}‘z:m]
Recall the Sturm-Liouville equation of Jacobi polynomials (cf. 41} (4.2.1)]):
— (1= 2)D*Py P (@) = {8~ a— (a+ B+ 2z} DPY (2) + AV P (), (B.5)
where /\N’ = N(N +a+ B +1). It follows from (BE) that
208+ 1)DPYP (—1) = AP Py P (1), 2(a+1)DPEP (1) = AP PEP (1), B

— (1 =a)D* P (2y) = A0 PP (), 1< <N -1
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Using the property: (1 — a:j)DP](Va’ﬂ)(xj) =0 and (B.6)), we compute from (B.4)) that

¢ P71

hi(—1) = — ,
VTR T )

1<j <N, (B.7)

where ¢; =1for 1 <j < N —1, and ¢y = a + 1. Substituting (B.7) into (B3] yields {I4).
Inserting (B.)) into (@3), we derive from (224 with p =1 — u that

N-1
D} () = 3 ;F“ D g Pw), 1<j<N. (B8)

In view of Q“(—l) =0, a direct integration of (B.8)) leads to (EI2).
(ii) For p € (1,2), (B.3) reads

1 « % o .
Enj = W{ﬁj(—l)Pr(L D(=Dwo + by ()PP (Dwy + P (j)w;}, 1<j< N -1 (B.9)

We need to evaluate h;(£1). Note that in this case, {h;} are associated with the interior JGL

(013)( )

points {xz; }] 1, which are zeros of DP , SO we have

DP (z)
(x — 2;) D2 P ()

hi(z) = , 1<j<N-1. (B.10)

Thus using (BA)-(B.6) leads to

1—a; Py (-1)
206+1) PP (xy)

Substituting (BII)) into (BX9) yields ([IT).
Similar to case (i), inserting (B) into (£3)), we derive from ([2:24) with p = 2 — p that

1+a; PY7(1)
20+ 1) peD(g)

hi(-1) = — hi(l) = — (B.11)

N—-2

Y Mt g b, (B.12)
2

D*Qf(x) =

1+xj2 "

Solving this equation with the boundary conditions: Q% (+1) = 0, we obtain ®; in ([&IS) and the
desired formula ([@.I5).

APPENDIX C. PROOF OF LEMMA 5.1

We carry out the proof by directly verifying that w(z) in (57)) is the desired polynomial solution.
It is evident that for any f € ¢Pn, we can write

an (14 2) PP (a), (C.1)

where the coefficients { fn} are uniquely determined. Using ([Z.19) with p = y,a = pand g = 1—p,
leads to

u(e) = I*{(1+2) " f(2)} = 1”%21)_‘”fn<1+x>13< Da), (©2)

n=0
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which implies u € (Py. Recall that D" = (1+ z)*ED" . Thus, acting ®D" on both sides of (C-2),
we obtain from (2.20) and (CJ)) immediately that

N—-1
D () = 3 %Jsﬂ BRI L (1 4+ 2) POV ()}
J’\Lf—_(i (0.3)

f (1+2)P =1 (x) = f(x).

n

Therefore, u(z) in (57) verifies (5.6). The uniqueness follows from £D* u(z) = 0 implying u(z) = 0.

We now turn to (5.8). The above verification shows that if f(—1) = 0, i.c., ZD? u(—1) = 0,
then u(—1) = 0. Hence, it suffices to show if u(—1) = 0, then D” u(—1) = 0. For this purpose, we
expand

N—
Z (14 2)P*Y(z), (C.4)

where {@,} can be uniquely determined. Like the derivation of ((3), acting ZD* and using (220,
we obtain

N-1
EDF () 7;) - (i”:;z!m G (14 2) P11 (1), (C.5)

which implies D? u(—1) = 0.

APPENDIX D. PROOF OF THEOREM

We intend to use the compact identity deduced from (2.20)), that is,

Rﬁﬁ{Pn(x)}_#MPg# “M(z), n>0, pe(0,1). (D.1)

This inspires us to expand {h;} (resp. @7) in terms of {PI(“’*“)} (resp. {P;}). Following (338)-
338), we have

N N
T) = Zfzjf’z(“’f“) (x), ty=)>_ (Bol=my (D.2)
=0 n=l
and
Q4 (x) =Y P(x), 0<j<N. (D.3)

Inserting (D.2)-(D.3) into (59), we obtain from (D)) immediately that for 0 <1 < N,

. l=—p+1 . . Il-p+1
qu:%% 1<j7<N, Ql02(+)

Etp. (D.4)
Thus, it remains to determine the constant £. Setting Q4 (z) = Q¥ (z) — 1, we have Q4 (—1) = 0.
Using (&.8), the formula (212), and definition (BI0]), we obtain from (5.9) that

1

ST

0=("D" Qf)(-1)=¢— ("D 1)|,_, =€~ (D.5)

1
r—p)’
This ends the proof.
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APPENDIX E. PROOF OF LEMMA

We first derive the coefficients in (5.19)-(.20). By the orthogonality [2.17), the exactness of
JGL quadrature ([2.25]), and the interpolating condition (5.I5]), we have

1 b « « 1 Y 7 o
Onj = (o) /7 hj(‘r)Pé ﬁ)(x)w( -£) (:E)d:E = “(@.p) Zhj(xl)Pé ﬁ)(xi)wi
Tn 1 Tn i=0 (E.1)

gy AP @)y + g (PP (Dwy}, 0<n,j <N -1
Yn

Since {h;} are associated with the JGL points {z; };V;Ol, which are zeros of (1 + :E)DPJ(VO"ﬁ)(x), we
have the representation:

A (14 2)DPP) (z)

hy(z) = , 0<j<N-1. (E.2)
) Dl DR L
A direct calculation using (B.6) leads to
: 1 PP 1 Py
ho(y = ~SFL P W) gy L P W) o ()

a+1pi (1) a+1p? ()

Thus, we obtain (5.19)-(520) by inserting them into (E.JJ).
Thanks to

N-1

Zg P @) = gy BT (@), 0<j <N -1, (E.4)
=0

we solve the connection problem and obtain from ([2.32)-(231)) the formula (G.21]).
It remains to derive (5:22)). Applying the three-term recurrence relation (G.I6) to the last
expansion in (B.I8]), we obtain the connection
To; = 85, 05 = (0ojs---,0n-15)", 8 = (Boj,--,0n-1,5)" (E.5)
where T is an upper triangular matrix with only nonzero entries on diagonal and two upper
diagonals:

Too=1, Tiyi=a;; Tizp1=0b+1 Tiio=c. (E.6)
Solving the linear system by backward substitution leads to (5.22]).

APPENDIX F. PROOF OF THEOREM [5.3|

We first use Lemma [5.1] to solve (5.I12)-(E14) and find the expressions of the constants therein.
It’s more convenient to reformulate (512) as: find Qf(z) = Q¥ (x) + 1 such that

1 1 A

("D™ Q1) () = (To - m)a + 2)ho(z) + m(ho(:c) ~1), Q1) =-1, (F.1)

where we used (212), B8) and (&8) to derive
~ 1
ROuq _ —
‘D71 = —, Ko =To—
(1 —p)
Using Lemma [l and (ZI0), we obtain

Qf () = (To - ﬁ)fﬁ{(l +a) Pho(x)} + ﬁfﬁ{(l +a) P (ho(z) = 1)}, (F.3)
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As QB(1) = =1, we have

o M) M ho(@) - DY, +T0 - p)
Frl—p)m=1 Iﬁ{(1+x = “ho }‘m ) (F.4)
Following the same argument, we derive
A1 _ W 1-pp _ L
QN(CE) TNI_{(l'i‘!E) ho(l‘)}, TN Iﬁ{(1+x 1 Mho }} . (F5)
and for 1 <j < N —1,
. 1 . .
)= (I {1+ 2) #hs(@)} + 144 (1 + @) ks (2)}), (F.6)
n
j:_L{(l—i-:E “;vh }| =y 1)

{1 +az)—*» }|_1

We now evaluate fractional integrals of hj. Using the last two expansions with j = 0 in (5I3]),
and the identity (ZI9) with p = p,a = g and 8 =1 — pu, we obtain
N-1

(4o ot} = 3 S a0 422 )
1=0 ’
s (F.8)
SOSRUCERIEDY s (L 9ROV ).

=

Noting that P,(Io’l)(l) =1 (cf. [41]), we obtain from (E4) and (E.8) the value of 79 in (5.24]), and
the expression of Q4 (z) follows from (E3) immediately.

Similarly, we obtain from (E5) and (28] the expression of @‘J(,(:E) in (B25]).

We now turn to @5‘(:1:) with 1 < j < N — 1. Once again, using (2.19) (with p = p,a = p and
B =1-p) and (EI), leads to

. I( l 2—
Iﬁ{(l—FiE)i‘th( 1+5E Z + )QlJrLj P)I(OJ)(.I),
= (F.9)
T(+2—p).

{1 +x) " hi(x)}],_, =2 —aEn o

=0

where we used Pl(o’l)(l) = 1. Moreover, by (2.19), (5I8) and (.16)-(E17),

N2
Iﬁ{(l—i—x)_”xﬁj(;v)} = Z o1 IM{(1+ )" ”xPl(”l “)(x)} =(14+x)x
1=0

N-2 (F.10)

T(+2—pu) [+2—pu (0,1) (0,1) [+1 (0,1)
lz G+ 1) ———"0141,j {ﬁal+lpl+1 + b P, + mcl—lpzq (),

where c_; = 0. Using the property: P, ( 1)( 1) = 1 and (BI7), we find from a direct calculation and

(E.9) that

=T +2-p)
"{(1+z) “mh D2 —p)or; +2 g gl ;
{( }}1 1 ) 1] — l+ 1 +1,5 (Fll)

=I"{(1+2) () }] _, — 2012 — p)dy;.
Inserting (E29)-(E-ID) into (E6)-(ET), we derive the forumlas (5.26))-(5.27).
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